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System Design Challenges

— Advanced radar systems are very complex
— It is based on radar signal processing algorithms

— Algorithm creation requires a platform for simulation
and verification

— Enough models for signal generation, transmission,
antenna, T/R switching, clutter, noise, jamming,
receiving, signal processing and measurements are
needed to create the advanced algorithm
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Signal Processing Algorithm Creation

— System Platform is needed for both design and
verification

— The Platform can provide

 Algorithm design/verification environment for signal generation
and performance measurements

« User-friendly algorithm modeling & debug environment
supporting variety of languages such as C++, Math Lang

 Interface to test equipment to verify the implemented
hardware (compared to the original pure algorithm)

— Test sources include radar signal generation with RCS,
Clutter, Jamming, Doppler frequency offset

— Measurements include waveforms, spectra, detection rate,
false alarm rate (FAR).
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Platform for Simulation
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« Digital Pulse Compression
* Moving Target Indication (MTI)
* Moving Target Detection (MTD)
« Constant False Alarm Rate (CFAR)
« Digital Beamformer
» Space-Time Adaptive
Processing (STAP)




Platform for Verification
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Platform - Generate Test Signals
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Pulsed Doppler Radar System

— PD radars are extremely valuable for finding small moving
targets hidden by heavily cluttered environments

— Unlike the continuous waveform (CW) radar, the PD radar has
ability to detect angle, distance, and also velocity

— Typical examples: low-flying aircraft and anti-ship missiles, weather

— PD radars are used for many military and commercial applications

~Target without clutter and noise

Target with cluttef and noise WWMW
b Tt A o
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PD Radar System — In Principle

— The Radar Transmission signal and Returned signal [1,2] are
given by
S(t) = A(t)Cos(2#f 1)

S(t—7)=A(t)Cos(2z(f, + fy)t—7)+ N (1) + N (t) + N, (t)

— Cannot detect the target in time domain because small moving
targets are hidden by heavily cluttered environments

— Must detect the signal in frequency domain using the Doppler
frequency analysis

— We must collect return data and process in both range and frequency
domain for estimating z and fj.

— 2-dimensional signal processing is required for moving target indicator
(MTI) and moving target detection (MTD).

— Constant false alarm rate (CFAR) processing is needed for auto-
detection in PD process. Without CFAR, auto-detection will fail.
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PD Radar System — In Principle

2-D data matrix of coherent, baseband returns for M pulses
« Fast time sample rate is 10”5 to 10”8 samples/sec

e Slow time sample rate is the PRF, 10"3 to 1075
samples/sec

» Collected using the pulse burst waveform

Sampling Interval

+ | EPRI
+ o O O O o O O O ;l;l
— Q0 O O © ©c O O O wn
Sampling Interval | — o & o o o000
- 1/BW T o 0 0o © o o O © :l
o O O 0O o O O 0O 3
O 0_ 0 D IIIIIIIII O O O O CD
~
O O © c O O O ;U
o o O O o o O O m
: : >
- - «Q
o O O © o O O O D
Q O O O c o O O o
o O O © c O O O 5
o O O © c O O O wn
. )
Slow Time (for Doppler Frequency)
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PD Radar System — In Principle

— To extract the Doppler frequency and the target delay 2D signal
processing is needed
» Doppler processing operates on each row of this Matrix
Two major processing
— MTI applies a linear filter to each row
— PD applies a spectrum estimation to each row

© © 0 © o 0o © O
© 0 0 © © © © O
o O O 0 o o O O
© © 0 © © o0 o0 I
MTI filtering <+ 0 0 o o o0 o ®
Orspectra 0O O O O "tereeses o o 0o O 8
Estimation for © 0 O © o o o o
Doppler Freq ® o090 @ e e v o
: : >
© 0 0 © oo oo O
o O O O o o o O
© 0 0 © © 0 0 O
© © 0 © © © © O

For Doppler Frequency
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PD Radar System Structure

— For PD, based on the generic radar system structure (shown in
slide 5), the signal processors include Pulse Compression, MTI,
MTD and CFAR

Antenna, RCS, Clutter

~ 7 Signal Source | | ~ . Transmitter . T/RSwitch . Jammer o . Receiver s S
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PD Radar System — Signal Source Models

Signal sources include:
* Pulse signal generator
e Linear FM pulse signal generator
* Nonlinear FM signal generator
* Polyphase code generator

19.9999999| 8

3 {Consti@Data Flow Models. : . . . . : c . -dp5 {DATAPORT}
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3 & > 6
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* Value=1" © " Gain=-31.42e+86 [wc] . . o . . © T4 {Trig@Data Flow Models} ) . . . *  BlockSize=1 - .
o L D L o FinctontypocCon - o L -

T1 {Test@Data Flow BlbdBlelay@Data Flow Models}
Condition=GE N=1
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’ Data Type=Comple
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Gain=31.42e+12[0.5*u]
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PD Radar System — Target Return Model

Target return model

 Including RCS, Doppler effect, Delay and
Attenuation

e Fluctuant RCS types: Swirling 0, I, II, III, IV
linear FM pulse signal generator

5. (t—t ) =KA(t—t.)cos[2z(f, F f,)t—4aR [ A +p]-U(t—t )

Where R is the distance between radar and target, tr is the path delay, so tr=2R/c.
Because target has a velocity vr, so the distance K is the effects of the magnitude, including the RCS and
distance attenuation.
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PD Radar System — Clutter

Choice of 4 amplitude probability distribution functions (PDF) and
3 power spectrum density (PSD) functions

« PDF

— Rayleigh

— Log-Normal

— Weibull

— K — Distribution
e PSD

— Gaussian

— Cauchy

— All Pole
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PD Radar System — Transmitter and Receiver

— The RF transmitter includes oscillators, modulator, amplifiers and filters
— The RF receiver includes oscillators, demodulator, amplifiers and filters

RF Transmitter




PD Radar System — Digital Up Converters

— Digital Up/Down converter (DUC/DDC) for digital IF

Mixer

—_ DLI Analog IF = H = ]‘ Digital |
L l i RFQut RFIn —
Digital Q
Clock \ LO
Digital |
Rﬂ—-[ LPF LPF Ry
Digital IF  Analog IF Analog IF Digithl IF T T
(sum }—{pac }+{BeF |+ —» ADC
‘ Digital Q
—C - I 1 T
@ I Clock ; 3 )
Clock | NCO I NCO
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PD Radar System — Antenna

— S-Parameter based
— Antenna rotation pattern is considered
— Leveraage EM simulation tools antenna analysis result

dp1 {DATAPORT}

Data Type=Any Type . . o :
- Bus=NO } } : o :
T P > P . >
o ) ' ) ~ dp2 {DATAPORT}
Data Type=Any Type
Bus=NO
G6 {Gain@Data Flow Models} S1 {SData@Data Flow Models}

Gain=0.955 [x] DataSource=TouchstoneFile
DataFileName='AntSData_new.s2p

=

o /[ ...\
it :

.....

eeeeeeeeeeeeeeeeee
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PD Radar System — Pulse Compression

IDFT

Digital 2D 1/Q
Matrix— DFT
Reference
Waveform

| DFT with zero

padding

Compressed Digital
— 2D 1/Q Matrix

: Spectrum
© Windowing :
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PD Radar System — Moving Target Indicator

— The basic idea for the moving target indicator (MT]I) is to filter the
clutter at DC or very near DC but keep the other spectrum region
remaining flat

— Athree-pulse (double, second-order) canceller can be formed by
cascading two first-order sections

— Transfer function

H(z)=1-21"+1"

x|n| i
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PD Radar System —

Moving Target Detection

— Abank of Doppler filters or FFT operators cover all possible expected
target Doppler shift.

— The input data is collected in a repetition period using a data bank.
Then data points within the same range are correlated and processed
using FFT until all data is processed in the data bank.

» Delay Estimation
for the

o O O 0O EI o O O .
© 0 0 © oloe o o Range bin
o O O 0O ol o O O
o O 0O 0O ol o O O ;U
MTI filtering <+ 0 0 © olo o o ®
Or spectra 0 © © © °"Crueeeee ole o o 8
Estimation for © © © © olo o o @
Doppler Freq © 609 °le @@ o
: : >
©o o 0 © olo o 0o O
o O 0O O ol O O
o O O 0 ol o O O
© © 0 © olo o o

For Doppler Frequency
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PD Radar System — MTD Model
— The MTD model created using Math Language

MTD ..

Dabas, .

—»

L.

. . faS MWTCT . .
. 3D FRTE [z Open Mod

| meRnn0 Rengemesl,

Open Code
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=4l
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Data Type=Complex
3| Bus=NO m._,..
B S e T
- 2
11 {MathLang@Data Flow Models} »
m_M=32[m_M] T _?T\
m_N=1000 [m_N] dp2 (DATAPORT)

Designator: | ML [~] Shews Designater
Description: | math Language Rlack
Model: | MathLang@Data Flaw Models | ] Show Madel
3 Manage Madels... | [ Madel Help ] use Madel E
| Equations Vo | Custom Parameters
1 |‘t- function [MTD COut, MTD Max]= SV MTD{(Input)
2 % Boundary Cheock
3 =if (m_ N < 1)
4 error('m N should be greater than 0');
5 m N = 1;
& end;
7 =if (m_M < 1)
a8 error('m M should be greater than 0');
9 m M = 1;
10 =nd;
11 MTD_Out zeros(l, m_N*m_M) ;
1z tmp_ out = zercs(m N, m M) ;
13 MTD Max = zeros(l, m N);
14 %R Input = reshape (Input,m N,m M) ;
1 1
1A " Tharmit = Tawrmaim Wom ML=
<
" =
[_E Advanced Options... ] [ 0K ] I cancel

Units:Use MKS

3@=if (mN < 1)

Up to date 4 error{'m N should be greater than 0');
Variahle 5 n N = 1._
ans = Complex [2000x . !
index=1 6 ?nd’
Input=Complexf400 | 7 =1f (m M < 1)
=1 8 error('m M should be greater than 0');
IW_State = struct [1x1] 9 nM= 1'._
ITD_Max = Real [1:20 -
WTD_Out=Real[tsd | 10 €nds

8 nargin=0 11 MTD Out = zeros(l, m N*m M);

i nargout=0 12 tmp out = zeros(m N, m M);

R_Input = Complex[20] 1 3 MTD Max = zeros{l, m N);

tmp_out=Real [2000
ip_out=Real (2000x 14 %R_Input = reshape (Input,m N,m M);

15
Pp-16 R Input = zeros(m N,m M);
o 17 index=l;
M - Debug 18 =for j=lm M
19 = R Imput(l:m N,j) = Input(index:index+m N-1);
Code |, - - -
- 21)  index = index + m N;
22 end
4 |
>> R_Input
ans =
-1.76177e-006 + 9.21692e-0077 0 0 0 0
-1.94112e-006 + 5.88707e-007] 0 0 0 0
-5.41401e-006 - 3.80097e-007; 0 0 0 0
A 3.43429e-006 + 4.25052e-006] 0 0 0 0
ES N ATNTN A ANE 7 ANCLZCA ANTS [al n N n
Jlm 3|a |
s
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PD Radar System — CA CFAR

- — Test cell: the detected cell

' — Guard or gap cell: value not to be included in the
interference estimate due to possible target
contamination

— Reference cell: values assumed to be interference only,
thus used to estimate interference parameters
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PD Radar System — CFAR Model
— The CFAR model created using Math Language

CFAR_PD i =]p"d i

Units:Use MKS 1 % function [CFAR Out,DU]= ADS_CFAR (MTD Max) A
Upto date 2@=if M N < 1)
- e e . Vame:hé;a 3 error{'n N should be greater than 0');
—h ans= -
Gof [DATAFOR =1;
:—bl-rCFAH PO -+ - dpi [BATAFORT) { TAFCRT CFAR_DU=0 4 N=1;
= ..u—. - . Data Type=Flosting Peint (Reah - - n B CFAR_Out=Real [1x2000] 5 end
. B L ?&”___’ K=1508 6 —if m M < 1)
B e ' Tiatnl - AL EO=CITEIT] 7 error{'n M should be greater than 0');
Dt ISFAR_FD] R a‘%"_’ = MTD_M = Complex [1:2000] T - 1.‘ - & 5
A2 [_B] — A | 1TD_Max = Complex [2000¢1] il = 1l
A_MN=2000 [RangeSing] e M Mamleng@Dats FlowModes]. | Ty - - nargin=0 9 end
T N, TN TP U o~ namout=D 10 =if {{n Sigma < 0.0 ) )
e oam=op, | (SPEEATETRERE Y=4 41489 - 30 92T -~ :
Open MOdel AR B 1 11 error('Sigma should be greater than 0');
I [in 12 n Sigma = 0.01;
13 end
o 14 =if (Window Size < 1)
< il ] 2 15 error {'CFAR Window Size should be greater than 0
5] Parilist [ Schematic | $ EquatmnsJ T Parameters 16 Window_size = 1;
O - 17 end
pen € 18 —if (Guard size < 1)
- P— - 19 error{'CFAR Guard 3ize should be greater than 0']
Loparties 20 Guard Size = 1;
Designator: | M1 | [+] Show Dasignator 21 end
Description: | Math Language Black | 2
23 CFER Out = zeros{l, n N);
Model: | MathLang@Data Flow Models v| [+] Show Model 24 CFAR DU = zerosil, 1);
IJ Manage Modals... I [@\ Model Help I use Model E 25 MTD_M:MTD_M&IX';
26 [Y, K] = max{MTD M);
Equations | IyO | Custom Parameters | — .
=5 MTD M-MTD Masx ' ; = 27 p startW=n M+Guard Size+l;
26 [¥, K] = max (MTD_M) ; 28 stopW=startW+Window Size; b
27 startWs-n M+Guard Size+l; < 3
28 stopW=startW+Window_Size; — =
29 startW_1l=n M-Guard Size -Window_Size-1; >> ¥
30 stopW l==startW l4+Window Si=ze;
31 nnn=n_Sigma*sgrt(2)/pi* (mecan (MTD M({(l, startwW: stopW) ) +tmean (MT! ans =
3z =if abs (MTD_M(l,K))>abks (nnn)
33 CFAR Out (1, K)=1; .
32 —else = 4.41489 - 30.92273
3s CFAR_out (1, K)=0; >> K
36 end _
27 % ans =
38 CFAR_DU(1,1) = CFAR_out(l,K):;
39 %* CFAR_DU(1l,2) = K; 1606
< i | > >
i tior -
= Advanced Options... ] | oK ][ cancer ]| Help ] 3 3




PD Radar System — Measurements

— Basic measurements
» Waveform
e Spectrum
» Signal Noise Ratio

— Advanced measurements
» Estimation of Distances and Speed
» Detection probability

Pd = Number of Successful detection / Total number of Tests
» False Alarm probability

Pf = Number of False Error / Total Number of Tests
Importance sampling will be used to speed up the Pf simulation [3].
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PD Radar System — Simulation Setup

— All key parameters can be set in the parameter table defined for
the PD simulation system as seen as below. User can very easily

edit, add or delete any parameter.

- PD_Radar
. . Initially Use
Name Description Default Value | Units | Tune | Show Default
Pulse\Width Pulse Width 500e-9 s ] F
FRF Pulse Repeat Frequency 10000 |Hz [ Ll
Fd Dappler Frequncy 8125 |Hz | Ll
Range Target Range 12000 |1 ] [l
RF_Freq RF Frequency 10e9 Hz ] F
IF_Freq IF Frequency 2.9e9 Hz ] ]
BB_Freq Baseband Frequency 60eb |Hz | Ll
Bandwidth Band Width 47eb |Hz O O
SamplingFreq | Simulation Sampling Frequency 20eb Hz ] F
FFTSize FFT Size 32\() F L
n_M Detection Cell 40011 ) [ Ll
Window_Size |CFAR Window Size 3200 ] Ll
Guard_Size CFAR Guard Size 6() ] F
Sigma Clutter Standard Diviation 25/) ] F
c_BW Clutter Bandwidth 1eb |Hz | Ll
HotationAngle |Antenna Rotation Angle 60 deg ] Ll
Theta Antenna Angle 90 |deg ] [l
n_Sigma Moise Standard Diviation 3 ] F
n_Detection Mumber of statistics for the detec 1100 [ Ll




PD Radar System — Simulation Results

— PD radar extremely valuable in situations involving small moving
targets hidden by heavily cluttered environments

| | | | - Target hidden by clutter
M WWWW roces Ing y

| Aﬂ [ PD » roces Ing Detected [Target _’ '
A A i 'JI__'I -'(i._ri "'lln ';i.-.‘ (ol I i. '_".I-’ o ‘ dli it l‘.lll_ Al il .--1 ‘bl T
L= = = = DR T g

&CF R | Detected [Target —
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PD Radar System — Performance

— Detection Probability
— Estimation of Target Distance and Speed

= Graph2 LX)
Detection Probability Vs SNR(dB)

ﬂ;ﬂ Simulation_Results

— Units-Use Display | Go |

/ Up to date

-

A

N

=
b

C=300e+6
// Carrier=10e+9
/ DelayTime=80.3e-6
DetectonProbability=1
/ DopplerFrequency=8125
] FFT_Size=32
/ PRF=10000
N SamplingRate=20e+6
TargetDistance=12045
q_w TargetSpeed=243.75

=
=

=
=

Detection Probabiliy
[=]
o

[=1
b

=
=]

=
o

=

=
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Summary

— Algorithms are critical for high-performing advanced radars
— Aunified approach using Agilent SystemVue was demonstrated
— Provides a user friendly environment for algorithm development
— Integrates software and hardware to verify algorithms
— A development example for PD radar key algorithms was shown
— SystemVue can also be used to develop algorithms for Digital

Array Radar plus Space-time adaptive processing (STAP) and
MIMO Radar

Agilent Technologies
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